Exercise has been proved to promote the number and activity of circulating endothelial progenitor cells (EPCs) in humans, which contributes to improvement in endothelial function and maintenance of cardiovascular homoeostasis. However, the mechanism underlying the effect of exercise on circulating EPCs in healthy subjects is not completely understood. Here, we investigated whether the regulation of acute exercise on circulating EPCs is associated with nitric oxide (NO), vascular endothelial growth factors (VEGF) and granulocyte macrophage colony stimulating factor (GM-CSF) known to modulate circulating EPCs in healthy subjects. A total of 16 healthy male volunteers underwent a modified Bruce treadmill acute exercise protocol. The number and activity of circulating EPCs, as well as the levels of NO-VEGF and GM-CSF in plasma and culture medium before and after exercise in healthy subjects were measured. The number and activity of circulating EPCs after acute exercise were significantly higher than those before exercise in healthy subjects. In parallel, acute exercise significantly enhanced plasma NO level in healthy subjects. There is a significant linear regression relationship between the enhanced plasma NO level and increased number or activity of circulating EPCs. However, no change of plasma VEGF and GM-CSF level was observed after acute exercise. The secretion of NO-VEGF and GM-CSF by cultured EPCs remained unchanged in response to acute exercise. The present study demonstrates for the first time that acute exercise-induced NO production contributes to upregulation of circulating EPCs in healthy subjects, which suggests that NO plays an important role in the regulation of exercise on circulating EPCs.
Introduction
The integrity of endothelial function is essential for the maintenance of cardiovascular health in humans. 1, 2 Accumulating evidence indicates that circulating endothelial progenitor cells (EPCs) derived from the bone marrow play important role in regulating the endothelial function. [3] [4] [5] [6] It was reported that circulating EPCs can augment neovascularization, repair endothelial injury and improve endothelial function. 3 However, in the presence of cardiovascular risk factors, the number and activity of circulating EPCs are impaired, which is involved in development of endothelial dysfunction. [4] [5] [6] [7] [8] Therefore, increased number and activity of circulating EPCs contribute to improved endothelial function. 9 Physical exercise is an important method to improve endothelial function in healthy subjects, which promotes cardiovascular health and prevents vascular diseases. [10] [11] [12] Recent studies showed that in patients with coronary heart disease and cardiovascular risk factors, physical exercise can effectively enhance the number of circulating EPCs, which is involved in improved endothelial function. [13] [14] [15] [16] [17] [18] Furthermore, it was reported that acute exercise can increase the number and activity of circulating EPCs in healthy subjects. 19 Consequently, exerciseinduced promoted circulating EPCs may be a novel notion supporting the beneficial effect of exercise on endothelial function.
Previous studies demonstrated that in patients with coronary artery disease, regular exerciseinduced increased number of circulating EPCs is associated with enhanced nitric oxide (NO) production, 13, 14 and acute exercise-induced increased number of circulating EPCs is owing to myocardial ischaemia-stimulated vascular endothelial growth factors (VEGF) release. 16, 17 It is well established that NO-VEGF and granulocyte macrophage colony stimulating factor (GM-CSF) play important role in regulating the number and activity of circulating EPCs. [20] [21] [22] [23] NO not only modulates the mobilization of EPCs from bone marrow, but also promotes migratory and proliferative activity of EPCs. 20, 21 VEGF and GM-CSF are potent cytokines of mobilizing circulating EPCs from bone marrow. 22, 23 Accordingly, we hypothesized that the regulation of acute exercise on circulating EPCs in healthy subjects might be also associated with NO-VEGF and GM-CSF. To address this assumption, we observed the effect of acute exercise on the number and activity of circulating EPCs in healthy subjects, and investigated the possible role of NO-VEGF and GM-CSF in the regulation of acute exercise on circulating EPCs.
Methods

Study protocol
We enrolled 16 healthy, non-smoking, male volunteers (21-31 years) from laboratory staff members and students of our hospital. The subjects had no medical history, vascular risk factors or medical treatment, and completed a Physical Activity Readiness Questionnaire before the commencement of the study. Before this study, all of the volunteers received physical examination and laboratory tests. The basic clinical characteristics of the subjects are listed in Table 1 . All participants were instructed to maintain a nitrite/nitrate-restricted diet and to refrain from heavy physical exercise during 48 h before sampling for plasma nitrate. The volunteers underwent a modified Bruce treadmill acute exercise protocol (5.5 km h À1 , 14% grade, 10.2 metabolic equivalents (METs), corresponding to very hard intensity exercise for 20-39 years healthy humans, according to Exercise Standards for Testing and Training of American Heart Association). 24 Exercise was terminated when volunteers experienced significant physical exhaustion. The duration time of exercise in our study was 9.672.2 min. Blood sampling was carried out in the supine position before and 30 min after the acute exercise. The protocol of this study was approved by the Ethics Committee of Sun Yat-Sen University, and written informed consent was obtained from all subjects.
Flow cytometry analysis to evaluate the number of circulating EPCs Detection of EPCs was carried out as described previously. 7, 8 In brief, 100 ml peripheral blood was immunostained with monoclonal antibodies against human CD34 (Becton Dickinson, Franklin Lakes, NJ, USA, PerCP-conjugated) and against human KDR (Sigma, St Louis, MO, USA), followed by a PEconjugated secondary antibody. Isotype-identical antibodies served as controls (Becton Dickinson). After incubation, cells were lysed, washed with PBS and fixed in 4% paraformaldehyde before analysis of 60 000 events after exclusion of debris and platelets. To assess the reproducibility of EPC measurements, circulating EPCs were measured twice from the same subjects (n ¼ 16) from two separate blood samples, revealing a very close correlation (r ¼ 0.81, Po0.01). The number of circulating EPCs was evaluated by the ratio of CD34 þ KDR þ cells per 100 peripheral blood mononuclear cells (PBMNCs). 7, 8 Cell culture assay to evaluate the number of circulating EPCs The PBMNCs of healthy subjects were isolated and cultured as described previously. 3, 17, 25 To evaluate the number of circulating EPCs, the attached cells were stained with 1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine perchlorate-labelled acetylated LDL (DiI-acLDL, Molecular Probes, Eugene, OR, USA) and FITC-labelled Ulex europeus agglutin (lectin, Sigma) as described previously. 8, 16 Cells demonstrating double-positive fluorescence were identified as EPCs. 8, 16, 17 The numbers of cultured EPCs were evaluated by DiI-acLDL/lectin doublepositive cells/ Â 200, and counted manually by two independent observers blinded to the study. 7, 14, 17, 19 EPC migration assay EPC migration was determined using a modified Boyden chamber. 7, 26, 27 EPCs were harvested by centrifugation, resuspended in 500 ml endothelial EPCs were placed in the upper chamber of a modified Boyden chamber. The chamber was placed in a 24-well culture dish containing EBM and human recombinant VEGF (50 ng ml À1 ). After incubation at 371C for 24 h, the lower side of the filter was washed with PBS and fixed with 2% paraformaldehyde. For quantification, cell nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI). Cells migrating into the lower chamber were counted manually in three random microscopic fields.
EPC proliferation assay
After being cultured for 7 days, EPCs were digested with 0.25%. trypsin and then cultured in serum-free medium in 96-well culture plate (200 ml/well). After being cultured for 24 h, EPCs were supplemented with 10 ml MTT (5 g l À1 , Fluka, Buchs, Switzerland) and incubated for another 4 h. Then the supernatant was discarded by aspiration and the EPC preparation was shaked with 200 ml dimethylsulfoxide for 10 min, before the OD value was measured at 490 nm.
Measurement of plasma NO-VEGF and GM-CSF levels Nitrite, the stable metabolite of NO, was estimated by using Greiss method. Acute exercise-induced NO production and EPCs Z Yang et al Plasma levels of VEGF and GM-CSF were measured by high-sensitive ELISA assays (R&D Systems, Wiesbaden, Germany) according to the manufacturer's instructions. Samples were checked by serial dilution, and measurements were carried out at least in duplicate. The intra-assay and inter-assay variability was o10%. Measurements were carried out in duplicate. It turned out a highly linear calibration curve (r 2 40.99).
Measurement of NO-VEGF and GM-CSF secretion by cultured EPCs
After being identified, the cultured EPCs obtained before and after exercise were switched to the Dulbecco's Modification of Eagle's Medium/20% foetal bovine serum (no supplemental growth factors) for 48 h. Then, the conditioned media were assayed for NO-VEGF and GM-CSF as described previously.
Statistic analysis
The statistic software was SPSS V11.5 (SPSS Inc., Chicago, IL, USA). Numeric data were presented as mean7s.d. The data before and after exercise were compared using the paired t-test. Single linear regression was used to examine the association between the enhanced plasma NO level and promoted circulating EPCs in response to acute exercise. A value of Po0.05 was considered significant.
Results
Effects of exercise on the number of circulating EPCs Figure 1 shows the effect of acute exercise on the number of circulating EPCs in healthy subjects.
Characterized by fluorescence-activated cell sorting (FACS) analysis, the circulating EPCs in peripheral blood significantly increased after acute exercise compared with before exercise (Figure 1a) . To evaluate the effects of exercise on the number of circulating EPCs by an additional method, circulating EPCs were isolated, cultured and quantified using DiLDL uptake and lectin staining. The results revealed that acute exercise also upregulated the number of cultured EPCs significantly (Figure 1b and c).
Effects of exercise on EPC activity Figure 2 shows the effect of acute exercise on EPC activity in healthy subjects. The migratory response of EPCs towards a gradient of VEGF was significantly increased after acute exercise, as compared before exercise in healthy subjects (Figure 2a) . Similarly, acute exercise also improved the proliferative activity of EPCs in healthy subjects significantly (Figure 2b ). Figure 3 shows the effect of acute exercise on plasma NO-VEGF and GM-CSF levels in healthy subjects. Plasma NO level significantly increased after acute exercise compared with before exercise in healthy subjects, which indicated that plasma NO production was enhanced by acute exercise (Figure 3a) . However, there was no difference between plasma VEGF level before and after acute exercise in healthy subjects (Figure 3b) . Similarly, acute exercise did not markedly change the plasma GM-CSF level in healthy subjects (Figure 3c ).
Effects of exercise on plasma NO-VEGF and GM-CSF levels
Effects of exercise on the NO-VEGF and GM-CSF secretion by cultured EPCs
As shown in Figure 4 , acute exercise resulted in a slightly inclination towards higher NO secretion by cultured EPCs in healthy subjects, but it was not statistically significant (Figure 4a ). There was no significant difference between the VEGF secretion by cultured EPCs before and after the exercise in Acute exercise-induced NO production and EPCs Z Yang et al healthy subjects (Figure 4b) . Similarly, acute exercise did not markedly change the GM-CSF secretion by cultured EPCs in healthy subjects (Figure 4c ). Figure 5 shows the linear regression relationship between the enhanced plasma NO level and promoted circulating EPCs in response to acute exercise. There was a significant linear regression relationship between the enhanced plasma NO level and the increase in circulating EPCs and in cultured EPCs in response to acute exercise (Figure 5a and b) . Similarly, there was a significant linear regression relationship between the enhanced plasma NO level and the increase in EPC migratory activity and in EPC proliferative activity in response to acute exercise (Figure 5c and d) .
Correlation between enhanced plasma NO level and promoted circulating EPCs
Discussion
The results of this study demonstrate that acute exercise not only upregulates the number and activity of circulating EPCs, but also enhances NO level in healthy subjects. There is a significant linear regression relationship between the enhanced plasma NO level and promoted circulating EPCs in response to acute exercise. Therefore, our study for the first time demonstrates that the upregulation of circulating EPCs by acute exercise is, at least in part, related to enhanced NO production in healthy subjects, which supports the essential role of NO in the regulation of exercise on circulating EPCs. It is well established that physical exercise can exert beneficial effects on cardiovascular system by improving endothelial function. 10 Recent studies provided data to show that physical exercise can increase the number and activity of circulating EPCs in both healthy subjects and patients with coronary heart disease, which contributes to improved endothelial function and maintenance of cardiovascular homoeostasis. [13] [14] [15] [16] [17] [18] [19] However, the mechanism underlying the regulation of exercise on circulating EPCs in healthy subjects is not very clear. As described previously, NO-VEGF and GM-CSF play important roles in regulating the number and activity of circulating EPCs. [20] [21] [22] [23] Therefore, we hypothesized that the regulation of exercise on circulating EPCs in healthy subjects might be associated with NO-VEGF and GM-CSF. To address this assumption, we first observed the effect of acute exercise on the number and activity of circulating EPCs. We found a significant increase in the level of circulating EPCs after acute exercise in healthy subjects compared with before exercise, which indicates that acute exercise can significantly augment EPC mobilization in healthy subjects. Similarly, acute exercise also promoted the proliferative and migratory activities of cultured EPCs in healthy subjects. These findings are in agreement with the previous study, 19 which suggests that acute exercise can upregulate the number and activity of circulating EPCs in healthy subjects.
To investigate the possible role of NO-VEGF and GM-CSF in exercise-induced increased circulating EPCs, we determined the levels of NO-VEGF and GM-CSF in plasma and culture medium before and after exercise in healthy subjects. Plasma NO production significantly increased after acute exercise in healthy subjects compared with before exercise, which is parallel to the upregulation of circulating EPCs in response to acute exercise. Furthermore, there is a significant linear regression relationship between the enhanced plasma NO level and increased number or activity of circulating EPCs in response to acute exercise in healthy subjects. Therefore, the present study indicates that acute exercise-induced plasma NO production contributes to the upregulation of number and activity of circulating EPCs. However, no significant change of plasma VEGF level in response to acute exercise in healthy subjects was observed, which was similar to the earlier reports. 28 Because ischaemia is a major trigger for VEGF induction to mobilizing circulating EPCs, 13, 22 the results indicate that ischaemia is not responsible for acute exercise-induced increased circulating EPCs in healthy subjects. Similarly, the plasma GM-CSF level was also unchanged after acute exercise in healthy subjects compared with before exercise, suggesting that the mobilization of EPCs regulated by acute exercise is probably not owing to increases in plasma GM-CSF level. In addition, no marked increase in NO-VEGF and GM-CSF secretion by cultured EPCs after acute exercise was found, indicating that acute exercise-induced increased circulating EPCs are independent of their release of NO-VEGF and GM-CSF.
The mechanisms underlying acute exerciseinduced plasma NO production contributing to the upregulation of circulating EPCs can be postulated by the previous studies. First, acute exercise can exert shear stress on the endothelium, which increases endothelial-derived nitric oxide synthase (eNOS) activity via rises in intracellular Ca 2 þ concentration and/or phosphorylation of eNOS and stimulates the release of eNOS-derived NO. [29] [30] [31] [32] Second, eNOS-derived NO can promote the mobilization-proliferative and migratory activities of circulating EPCs, which increases the number and activity of circulating EPCs. 7, 20, 21, 33 It was reported that in animal model of eNOS knockout mice and wild-type mice treated with the NOsynthase inhibitor L-arginine methyl ester, the exercise-stimulated increased EPC numbers were inhibited.
14 Therefore, based on our present findings together with previous studies, it is reasonable to support the notion that acute exercise-induced enhanced plasma NO production contributes to the upregulation of circulating EPCs in healthy subjects.
In conclusion, our study demonstrates for the first time that acute exercise-induced NO production contributes to increased number and activity of circulating EPCs in healthy subjects, which suggests that NO plays an important role in the regulation of acute exercise on circulating EPCs. What is known about the topic K Increased number and activity of circulating EPCs contribute to improved endothelial function.
3,9
K Exercise-induced promoted circulating EPCs may be a novel notion supporting the beneficial effect of exercise on endothelial function. 14, 19 K The mechanisms underlying the regulation of acute exercise on circulating EPCs in healthy subjects are not completely understood.
What this study adds K The present study is designed to investigate the possible role of NO-VEGF and GM-CSF in the regulation of acute exercise on circulating EPCs in healthy subjects. K Acute exercise enhanced plasma NO level and upregulated circulating EPCs in healthy subjects. There is a significant linear regression relationship between the enhanced plasma NO level and upregulation of circulating EPCs in response to acute exercise in healthy subjects. K The present study suggests that acute exercise-induced NO production contributes to upregulation of circulating EPCs in healthy subjects.
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